I
nfants in the neonatal intensive care unit (NICU) are highly susceptible to late-onset sepsis, with rates as high as 25% among preterm very-low-birth-weight infants. This is an important public health problem because mortality and morbidity are substantial (1) , and survivors are at increased risk for neurodevelopmental impairment (2) . The standard paradigm for diagnosing and treating late-onset sepsis is to perform a blood culture and initiate empiric two-antibiotic therapy after an infant displays signs possibly attributable to sepsis. With this approach, mortality is high, particularly in cases of Gramnegative septicemia. Discovering ways to detect sepsis in its early phases and to tailor antibiotic therapy to the likely causative organism could improve outcomes. On the other hand, avoidance of unnecessary antibiotic therapy is also a worthy goal. To this end, biomarkers and physiomarkers associated with neonatal sepsis have been investigated.
Cytokines have been proposed as promising biomarkers because some of them rise very early in the course of bacteremia (3) and thus are more sensitive for detecting the early phase of sepsis than acute-phase proteins such as C-reactive protein (CRP) (4) . This was demonstrated by Kuster et al. in a prospective study of preterm infants in which blood levels of interleukin (IL)-6 and IL-1 receptor antagonist (IL-1ra) rose 1-2 d before the clinical presentation of blood culture-proven sepsis (5) . Performing routine biomarker screening of asymptomatic NICU patients is not practicable, yet waiting for overt signs of sepsis to develop can lead to unfavorable outcomes. To address this problem, our group developed a system for continuous physiomarker (heart rate characteristics (HRC)) screening for sepsis in NICU patients.
Abnormal HRC have been identified in NICU patients with sepsis and often occur prior to clinical deterioration (6) (7) (8) . Bacteremia can trigger a systemic inflammatory response with release of cytokines and subsequent physiologic changes in multiple organs including the heart. Two such changes identified in septic neonates are decreased beat-to-beat variability and repetitive transient decelerations in heart rate (9) similar to the changes seen in fetuses in the settings of asphyxia or chorioamnionitis (10, 11) . Our group has shown in a rodent model that pathogen toxins induce heart rate decelerations and decreased variability, in part through increased production of cytokines such as tumor necrosis factor (TNF)-α. In NICU patients, abnormal HRC associated with sepsis are not apparent to clinicians using conventional cardiorespiratory monitoring, prompting development of a monitor that detects HRC predictive of impending clinical deterioration. Through analysis of electrocardiogram data from hundreds of preterm infants, an HRC index was derived that incorporates decreased variability and decelerations to calculate the fold increase in risk that a patient will be diagnosed with sepsis in the next 24 h (7, 8, (12) (13) (14) . After testing and validating the HRC index for sepsis detection, the impact of continuous HRC index monitoring on outcomes of very-low-birth-weight preterm infants was tested in a randomized clinical trial of 2,989 patients in eight centers, completed in 2010. This trial showed a significant decrease in Articles Raynor et al. mortality in preterm infants whose HRC index was continuously displayed to clinicians (15) .
Further refinement is essential for optimizing biomarker and physiomarker screening for sepsis in NICU patients. We undertook this study for two purposes: (i) to determine if cytokine screening could discriminate between patients with sepsis ruled out and those with clinical or blood culturepositive sepsis, and (ii) to determine the relationship between abnormal HRC index and elevated cytokine levels in NICU patients with clinically suspected late-onset sepsis.
RESULtS

Study sample
A total of 226 plasma samples were obtained near the time of blood culture from 163 patients. Gestational age was 28.7 ± 4.7 wk, and birth weight was 1,311 ± 861 g (mean ± SD). Based on retrospective chart review, major signs or findings leading to blood culture were grouped as follows: gastrointestinal (feeding intolerance, ileus, necrotizing enterocolitis interocolitis, peritonitis), respiratory (apnea, acute respiratory distress), central nervous system (CNS; temperature instability, lethargy, irritability), skin (cellulitis, wound infection), abnormal blood test (hyperglycemia, acidosis, abnormal white blood cell count, bandemia, thrombocytopenia), abnormal HRC index without other signs, and miscellaneous or not specified. In 10 of 226 cases, the blood culture was obtained because of abnormal HRC index alone. In the remaining cases, the major reason for blood culture was designated as gastrointestinal (67 cases), respiratory (67), CNS (29) , skin (12), laboratory findings alone (16) , and miscellaneous or not specified (25) .
Samples were classified as sepsis ruled out (SRO, n = 98), clinical sepsis (CS, n = 95), Gram-positive bacteremia or candidemia (GPBC, n = 24), or Gram-negative bacteremia (GNB, n = 9). Organisms in the positive blood cultures were coagulase-negative staphylococcus species (n = 16), Staphylococcus aureus (4), Enterococcus fecalis (3), Escherichia coli (3), Klebsiella species (3), Pseudomonas aeruginosa (1), Enterobacter cloacae (1), Raoultella ornithinolytica (1), and Candida species (2). One sample yielded two organisms (coagulase-negative staphylococcus species and Candida).
Cytokines
Six of the seven cytokines (all except IL-1 receptor antagonist) were significantly higher in patients with CS as compared with those with SRO, whereas only one cytokine (interferon γ-inducible protein-10 (IP-10)) was significantly higher in GPBC as compared with SRO (Figure 1 ). Samples associated with GNB had significantly higher levels of six cytokines (all except IP-10) as compared with those associated with GPBC (all P< 0.05). There were no significant differences in any cytokine in patients with CS vs. GPBC.
Hierarchical cluster analysis of cytokines from the 33 plasma samples associated with a positive blood culture showed two distinct clusters of cytokine profiles. Gram-negative organisms were substantially enriched in the cluster of samples with the highest cytokine levels, whereas samples associated with other organisms exhibited lower cytokine levels ( Figure 2 ). Thresholds for each cytokine were established to identify all cases of GNB. Although approaches that result in empirical sensitivities of 100% necessarily overestimate performance, this is a reasonable way to identify optimal thresholds and combinations of cytokines in data with a large separation among groups. All possible combinations of the seven cytokines were tested to determine the optimum combination for identifying all GNB cases. The 127 combinations had 100% sensitivity (by design), with positive predictive values (PPVs) ranging from 5 to 69% (median = 53%). There were eight combinations that achieved the maximum performance of 69% PPV, and only one of these combinations included as few as four cytokines. Based on this analysis, the following four cytokines and thresholds were used to generate a cytokine score: granulocyte colony-stimulating factor (G-CSF; 1,000 pg/ml), IL-6 (400 pg/ml), IL-8 (200 pg/ ml), and TNF-α (32 pg/ml). Assigning a 1 or 0 based on these thresholds, a cytokine score of 4 had 100% sensitivity and negative predictive value for identifying patients with GNB, with 69% PPV (Table 1) . Plasma cytokine levels are higher in NICU patients with Gram-negative bacteremia (GNB). Seven cytokines were analyzed in 226 plasma samples from NICU patients >3 d old with suspected sepsis, subsequently classified as sepsis ruled out (SRO, n = 98), clinical sepsis (CS, n = 95), Grampositive bacteremia or candidemia (GPBC, n = 24), or GNB, n = 9. Depicted are pg/ml amounts of (top row) IL-6, tNF-α, G-CSF, IL-8, (bottom row) IL-10, IL-1ra, and IP-10, as indicated on the y-axis. *P < 0.05 vs. SRO; **P < 0.05 GNB vs. GPBC. G-CSF, granulocyte colony-stimulating factor; IL, interleukin; IL-1ra, IL-1 receptor antagonist; IP, inducible protein; NICU, neonatal intensive care unit; tNF-α, tumor necrosis factor-α. 
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Four samples with a cytokine score of 4 were not associated with GNB, and in each case the patient was very ill. One patient had E. coli pneumonia, and the other three had severe gastrointestinal pathology (two cases of severe necrotizing enterocolitis and one case of gastric perforation with peritonitis).
Using the same strategy as that described for GNB, we tested cytokine thresholds (individual and combination) for identifying the 98 cases of SRO. The best-performing individual cytokine was IL-6 < 130 pg/ml, which gave 100% sensitivity and 52% PPV for SRO ( Table 2) . Adding any other cytokine to IL-6, alone or in combination, did not result in a higher PPV.
CRP
CRP was measured in 177 of the 226 samples (78%). There were similar proportions of samples with CRP available for analysis in the four groups SRO, CS, GPBC, and GNB (75-82%). CRP was significantly correlated with each of the seven cytokines studied (IL-6 r = 0.52, G-CSF r = 0.50, IL-10 r = 0.46, IL-8 r = 0.39, IP-10 r = 0.39, TNF-α r = 0.29, IL-1ra r = 0.21, all P < 0.01). There was no significant correlation of CRP with the HRC index. CRP was significantly higher in CS, GPBC, and GNB than in SRO, but not in GNB vs. GPBC (Figure 3) . A CRP of >6.2 mg/dl, set to be 100% sensitive for GNB, had only 16% PPV for GNB at the time of blood culture ( Table 1) .
HRC Index
The HRC index was continuously monitored in all patients at Center A and in very-low-birth-weight infants at Center B. Of the 226 samples for cytokine analysis, 188 had an associated HRC index available for analysis. For the other samples, either the patient was at Center B and not very low birth weight, or the HRC index was not available near the time of sample acquisition. Figure 2 . Hierarchical cluster analysis of cytokine levels in all 33 cases of blood culture-positive sepsis. Plasma cytokine levels were normalized to thresholds that identified all cases of Gram-negative bacteremia (set to zero in the color scale, depicted in black). Numbers between the scale and the cluster diagram indicate log 10-transformed thresholds for each cytokine set to identify all cases of Gram-negative bacteremia. Cytokine levels relative to this threshold are depicted in shades of red (higher) and green (lower). Analysis of all 33 cases of septicemia revealed clustering of Gram-negative organisms among the samples with the highest cytokine levels. cRP, c-reactive protein; G-csF, granulocyte colony-stimulating factor; hRc, heart rate characteristic; GNB, Gram-negative bacteremia; IL, interleukin; NPV, negative predictive value; PPV, positive predictive value; sens, sensitivity; spec, specificity; TNF-α, tumor necrosis factor-α. a cytokine thresholds: IL-6, 400 pg/ml; TNF-α, 32 pg/ml; G-csF, 1,000 pg/ml; IL-8, 200 pg/ml. Articles Raynor et al.
The HRC index was most correlated with plasma levels of IL-8 and IL-1ra (IL-8 r = 0.20, P = 0.004; IL-1ra r = 0.30, P< 0.0001) but less so with the other five cytokines (P value range from 0.06 for IL-6 to 0.97 for TNF-α) and with the cytokine score (P = 0.18). The average HRC index was 2.14 and was not significantly different in patients with SRO, CS, GPBC, or GNB (all P > 0.05). HRC index >2 had 43% sensitivity for GNB and HRC index <1 had 35% sensitivity for SRO (Tables 1 and 2) . Because 79 samples were obtained from infants whose HRC index was displayed to clinicians, which may have impacted decisions about obtaining blood cultures and duration of antibiotic therapy, we separately analyzed the 147 samples from patients whose HRC index was not displayed to clinicians. Again, we did not find significant differences among the groups (data not shown).
DISCUSSION
Use of biomarker and physiomarker screening for late-onset sepsis in NICU patients has potential for improving outcomes by shortening the time from onset of infection to institution of appropriate antibiotic therapy. In this study of patients with clinically suspected sepsis, we discovered a four-cytokine combination that identified all patients with GNB and an IL-6 threshold that identified all patients with SRO. Cytokines performed less well for identifying patients with Gram-positive bacteremia. The average HRC index was abnormal in this cohort of patients with clinical suspicion of sepsis and did not discriminate between the final sepsis designations.
A number of studies in NICU patients have shown that measuring more than one biomarker has additional value over a single analyte in identifying patients with sepsis (4, (16) (17) (18) (19) (20) . Our study is the first, to our knowledge, to identify a cytokine combination with good diagnostic accuracy for GNB, likely due to our larger sample size. By including four analytes to assign a cytokine score, G-CSF, IL-6, IL-8, and TNF-α, we were able to identify all cases of GNB with a false-positive rate of 31%. Higher cytokine levels have been reported in plasma of adults with Gram-negative as compared with Gram-positive bacteremia (21) (22) (23) . Endotoxin on Gram-negative organisms induces greater cytokine production by leukocytes as compared with toxins on Gram-positive bacteria (24) , likely accounting, at least in part, for the higher incidence of septic shock, multiorgan dysfunction, and death in patients with Gram-negative septicemia. Early identification of patients infected with Gram-negative organisms, through cytokine screening at the time of blood culture, could lead to more timely initiation of broad-spectrum antibiotic combinations to more rapidly clear these highly virulent pathogens from the bloodstream and might also identify patients for adjunct therapies to combat the detrimental effects of cytokine overproduction. A biomarker screen for a high morbidity and high mortality condition such as sepsis should ideally have 100% sensitivity and negative predictive value, and we set our cytokine thresholds to achieve this, which incurs a high false-positive rate if a single cytokine is measured. We found that the single best cytokine for detecting all cases of GNB (IL-6 at >400 pg/ml) had only 38% PPV, whereas the highest PPV of 69% was achieved with a 4-cytokine combination, thus limiting the number of false-positive tests, which would result in overtreatment of some patients. Of note, all four patients in this study with a cytokine score of 4 without GNB were seriously ill, one with Gram-negative pneumonia and three with severe gastrointestinal pathology.
In addition to early identification of the highest-risk septic patients, another important goal in biomarker screening is the ability to rule out sepsis in patients with nonspecific signs. Empiric antibiotic therapy for "sepsis rule-outs" is exceedingly common in NICU patients in spite of increasing evidence of adverse effects of antibiotic overuse (25) . IL-6 has been identified as a promising biomarker in other studies of neonates with suspected sepsis (4,26), and we also found that, of the seven cytokines we analyzed, IL-6 had the best diagnostic accuracy. In fact, no cytokine combination had better performance than IL-6 alone at identifying patients undergoing blood culture in whom sepsis was subsequently ruled out. With only 52% positive predictive value (i.e., 48% of samples with IL-6 < 130 pg/ml occurring in patients with a subsequent diagnosis of either clinical or blood culture-positive sepsis), this test would likely not be useful to clinicians for making a decision not to initiate antibiotic therapy in a patient with significant sepsis-like signs. In a patient with equivocal signs, however, a low plasma level of IL-6 might serve as a useful adjunct test to reinforce a clinician's decision not to initiate antibiotic therapy, or to limit duration of antibiotics. It is unlikely that cytokine screening will ever achieve 100% positive predictive accuracy for ruling out sepsis in NICU patients because many cases of clinical sepsis or Gram-positive (particularly coagulase-negative staphylococcus) bacteremia may not induce a robust systemic inflammatory response. A total of 226 plasma samples from NICU patients >3 d old with suspected sepsis were analyzed for cytokines; 177 of these were analyzed for CRP. Samples were classified as indicated in Figure 1 . Samples were assigned a cytokine score of 0-4 using thresholds for G-CSF, IL-6, IL-8, and tNF-α. *P < 0.05 vs. SRO, **P < 0.05 GNB vs. GPBC. CRP, C-reactive protein; G-CSF, granulocyte colony-stimulating factor; GNB, Gram-negative bacteremia; GPBC, Gram-positive bacteremia or candidemia; IL, interleukin; NICU, neonatal intensive care unit; SRO, sepsis ruled out; tNF-α, tumor necrosis factor-α. 
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Although we assayed cytokines only at the time of blood culture, other studies have shown that additional measurements of biomarkers a day later can increase the diagnostic accuracy of these assays (4) (5) 27) . This is especially true of acute-phase proteins such as CRP, which rises 6-12 h after cytokines are released in the circulation as part of the host response to bacteremia. We found that a CRP threshold set to detect all cases of GNB at the time of blood culture had a very low PPV as compared with individual cytokines. Although follow-up assays such as CRP may be useful for decisions about early discontinuation of antibiotics, highly sensitive assays available "on demand" at the time of blood culture are essential for initial therapeutic decisions.
We performed this cytokine study in the course of a randomized clinical trial of physiomarker (HRC index) screening of NICU patients. The advantage of HRC index monitoring is that, unlike biomarker blood tests, it is a continuous, noninvasive measurement that can alert clinicians to physiologic changes associated with sepsis-like illness, sometimes prior to onset of clinical deterioration (6) (7) (8) 12, 28, 29) . In this study, we found that the HRC index was correlated with two cytokines but not with the final designation of sepsis ruled in or out. This is likely due in large part to the fact that we studied patients who had already progressed to having signs of sepsis, with an average HRC index of >2, as compared with a mean overall HRC index in preterm NICU patients of <1 (6) . In some cases, such as the example shown in Figure 4a , a rise in the HRC index over the patient's baseline together with elevated cytokines and CRP occurred in the setting of bacteremia. A rise in the HRC index can be associated with nonseptic conditions such as acute respiratory decompensation or severe apnea, as shown in Figure 4b . Further studies are needed to determine whether addition of a biomarker screen at the time of a rise in the HRC index over the patient's baseline could assist in decisions about evaluation for sepsis or initiation or discontinuation of empiric antibiotic therapy.
In clinical practice, sepsis-like signs, a rising HRC index, or a combination of the two may prompt clinicians to initiate antibiotic therapy until sepsis is ruled out with negative cultures. Cytokine screening may be useful for reducing antibiotic exposure in patients with a low index of suspicion for sepsis, and also for identifying the highest-risk group of septic patients, those with GNB, thus ensuring earlier institution of effective antibiotics and adjunct sepsis therapies to improve outcomes.
MEtHODS
Plasma Collection
We collected remnant plasma from NICU patients >3 d old undergoing blood culture for suspected sepsis. Patients of all gestational ages were included. Samples were collected over an 18-mo period at two centers (University of Virginia, "Center A", and Wake Forest University, "Center B"). Birth weight, gestational age, duration of antibiotic therapy, and blood culture results were recorded. Retrospective chart review was performed by a single neonatologist at each institution to determine the major reasons for obtaining a blood culture. Samples were classified as SRO (negative blood culture and antibiotics for <5 d), CS (negative blood culture but antibiotics continued ≥5 d), GPBC (a positive blood culture for Gram-positive bacteria or Candida in a patient with signs of sepsis), or GNB (a positive blood culture for Gram-negative bacteria in a patient with signs of sepsis). The decision to continue antibiotics for ≥5 d in the face of a negative blood culture or a single positive blood culture for coagulase-negative Staphylococcus was left to clinical judgment of the attending neonatologists at each institution. All patient information was deidentified, and the institutional review boards of each institution approved collection of remnant plasma samples with waiver of consent.
Plasma samples were obtained from EDTA-containing tubes that had been obtained for complete blood count at or near (within 6 h of) the time of blood culture. Following storage at 4°C for <24 h, blood was centrifuged and plasma stored at −80°C until batch analysis for cytokines.
Cytokine and CRP Analysis
Seven cytokines were measured using a multiplex antibody-coated bead array with dual-laser fluorometric detection (Milliplex; Millipore, Billerica, MA). Analytes included IL-6, IL-8, IL-10, IL-1ra, IP-10, TNF-α, and G-CSF. Samples were diluted 1:4 and assayed in duplicate according to the manufacturer's instructions. Limit of detection was 3.2 pg/ml. Samples that were above or below the limit of detection were assigned the upper or lower limit of detection. 
